Abstract: Sphingosine-1-phosphate (S1P) mediates several cytoprotective functions of HDL. ApoM acts as an S1P binding protein in HDL. Erythrocytes are the major source of S1P in plasma. After glomerular filtration apoM is endocytosed in the proximal renal tubules. Human or murine HDL elicited time-and dose-dependent S1P efflux from erythrocytes. Compared to HDL of wild type (wt) mice, S1P efflux was enhanced in the presence of HDL from apoM transgenic mice but not diminished in the presence of HDL from apoM knock-out (Apom-/-) mice. Artificially reconstituted and apoM-free HDL also effectively induced S1P efflux from erythrocytes. S1P and apoM were not measurable in the urine of wt mice. Apom-/-mice excreted significant amounts of S1P. ApoM was detected in the urine of mice with defective tubular endocytosis because of knock-out of LDL receptor related protein, chloride-proton exchanger ClC-5 (Clcn5-/-) or the cysteine transporter cystinosin. Urinary levels of S1P were significantly elevated in Clcn5-/-mice. In contrast to Apom-/-mice, these mice showed normal plasma concentrations for apoM and S1P. In conclusion, HDL facilitates S1P efflux from erythrocytes by both apoM-dependent and apoM-independent mechanisms. Moreover, apoM facilitates tubular reabsorption of S1P from the urine, however with no impact on S1P plasma concentrations. 
INTRODUCTION
Sphingosine-1-phosphate (S1P) acts both as an intracellular signalling molecule and an extracellular agonist of at least five different G-protein coupled receptors. By its dual functions S1P regulates the survival, proliferation and migration as well as the functionality of many cells, eventually in opposite directions [1] [2] [3] [4] . Therefore the absolute and relative abundance of S1P in intracellular and extracellular compartments appears to be important for its biological functionality [4] .
Most cells form S1P by the phosphorylation of sphingosine, a degradation product of ceramides, through sphingosine kinase and degrade S1P to phosphoethanolamine and fatty aldehyde through S1P-lyase [1] [2] [3] [4] . By contrast, erythrocytes and platelets but also other cells, which have low or no lyase activity, release S1P [4] [5] [6] , probably by an as yet unidentified ATP binding cassette transporter (ABC) [4, 7, 8] . Within the plasma compartment the majority of S1P is transported by high-density lipoproteins (HDL) in which it exerts many cyto-protective and antiinflammatory effects, for example on endothelial cells [8] [9] [10] . The enrichment of S1P in HDL has been explained by the presence of a specific S1P binding protein, namely apolipoprotein M (apoM) [10] . Purified and recombinant apoM binds S1P with an IC50 of 0.9 mol/L, which is in the range of physiological S1P plasma concentrations [11] . X-ray crystallography of apoM identified an S1P binding domain which was confirmed by the recombinant generation of non-S1P-binding apoM mutants [11] . In agreement with these physicochemical data, S1P was copurified with apoM containing HDL but not apoM-free HDL from both human and murine plasma. Moreover, S1P concentrations were dramatically decreased in HDL of apoM knock-out (Apom -/-) but increased in HDL of mice transgenic for apoM (Apom tg ). As an in vitro indication of functional relevance the stimulatory effects of S1P on nitric oxide production by endothelial cells were mimicked by apoM-containing HDL but not by apoM-free HDL. Finally, the physiological relevance of S1P binding by apoM was indicated by the reduced basal endothelial barrier function in lungs of apoM knock-out mice [12] . Despite this very strong in vitro and in at SMAC Consortium -University of Zürich, on www.jlr.org Downloaded from 4 vivo evidence for the limiting effect of apoM on the transport and function of S1P in plasma and HDL, concentrations of S1P and apoM in either plasma or HDL do not correlate with each other [12, 13] . Moreover, stoichiometric calculations revealed that apoM is not saturated with S1P but present at an up to eight fold molar excess [12, 13] . We therefore investigated the impact of apoM on two other potential pathways of S1P metabolism, namely efflux from erythrocytes and urinary excretion.
Plasma concentrations of S1P were recently shown to correlate with red blood cell counts [5, 6, 14] , probably because the lack of the S1P degrading lyase makes erythrocytes to the main source of S1P in plasma [4, 5] . Because HDL was previously found to induce S1P efflux from erythrocytes [5] , we compared the S1P efflux capacity of HDL from wt, Apom
, and Apom tg mice [15] .
After glomerular filtration, apoM is reabsorbed from the primary urine into proximal tubular epithelial cells by binding to the endocytic receptor megalin (low density lipoprotein receptor related protein 2, LRP2). Accordingly, mice with a conditional renal knock-out of megalin excrete apoM in urine [16] . Megalin and its co-receptor cubilin also mediate the tubular reabsorption of several small plasma proteins which carry small molecules and are filtrated through the glomeruli [17, 18] . Not only megalin and cubilin but also endosomal and lysosomal proteins such as chloride-proton exchanger ClC-5 (mutated in Dent's disease) and the cystine transporter cystinosin (mutated in cystinosis), respectively, are key components of the machinery that rescues essential molecules such as vitamin B12 and vitamin D from inappropriate urinary loss [17, 19, 20] . To test whether this is also of relevance for the metabolism of S1P, we compared the urinary excretion of S1P and apoM in wt and Apom -/-mice [15] 
Isolation and reconstitution of HDL
Human HDL was isolated from plasma of healthy blood donors (Kantosspital Schaffhausen, Switzerland) or mouse plasma by stepwise ultracentrifugation (d = 1.063-1.21 kg/L) at 360'000 x g, 15C for 15h as described previously [24] using solid potassium bromide (SigmaAldrich, Buchs, Switzerland) for density adjustment. ApoA-I was further purified from delipidated HDL as described previously [24] . Discoidal rHDL particles were produced by the cholate dialysis method and contained apoA-I, 2-oleoyl-1-palmitoyl-sn-glycero-3 phosphocholine (POPC) (Sigma), and sodium cholate (Sigma) in a molar ratio of 1/100/100 [24] .
at SMAC Consortium -University of Zürich, on July 9, 2014 www.jlr.org skimmer offset 10 V and ion transfer capillary temperature 300C). Further ionisation and detection parameters were optimized by tuning the system with S1P(Ac) 2 standard. Data analysis was performed on XCalibur 2.0.6 (Thermo Scientific).
The standard curve was constructed by plotting the S1P/IS peak area ratios against the concentrations of the S1P standards. The S1P concentration in samples was determined by linear regression obtained from the standard curve. The lower level of quantification was defined as the 10% functional assay sensitivity and amounted to 1 pmol extracted S1P corresponding to 40 nmol/l plasma or 2 nmol/l urine. At amounts of 7.5 pmol and 22.5 pmol, the intra-day imprecision was 5.8% and 2.3%, respectively, and the inter-day imprecision 4.3% and 8.1%, respectively.
Western blotting of apoM in plasma and urine
Proteins were separated on 14% SDS polyacrylamide gels and transferred onto nitrocellulose membrane. After blocking the membranes were blocked in 5% milk Tris-Buffered Saline Tween (TBS-T), 0.1% for 1h at room temperature. Thereafter, the membranes were incubated over night at 4°C with a commercially available apoM antibody (LC-C51665; LifeSpam BioSciences). The 1:1000 dilution of antibody was made in 5% milk TBS-T. The membranes were then washed three times with TBS-T and incubated with secondary antibody anti-rabbit coupled with HRP
(1:10000). After washing three times for 10 minutes, the membrane was developed with ECL Plus Western blotting detection reagent (Pierce) according to the manufacturer's instructions.
Statistical Analyses
Statistical analyses were performed by using Graph-Pad. Normality of the data was determined by using the Kolmogorov-Smirnov test. Normally distributed data were analyzed by the twoat SMAC Consortium -University of Zürich, on July 9, 2014 www.jlr.org
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tailed unpaired Student`s test, not normally distributed data by Mann-Whitney U. Differences in prevalences were analysed by Chi-square test.
RESULTS

HDL and apoM promote S1P efflux from erythrocytes
To confirm previous data that HDL induces S1P efflux from erythrocytes [5] , 1 ml of washed human erythrocytes were incubated with two different concentrations of human HDL for increasing time. Figures 1a and 1b show the time-dependent accumulation of S1P in human HDL without and with correction for the endogenous S1P content, respectively. Maximal efflux, which doubled the concentration of S1P pre-existing in HDL, was reached after 4 hours. Halfmaximal efflux was reached after 1 to 2 hours of incubation. Albumin (500 µg/ml), which is the second most important carrier of S1P in plasma [4, 10] elicited very little S1P efflux under the same conditions.
Next we monitored the time-dependent S1P efflux from erythrocytes in the presence of 300 g/ml HDL which were isolated from plasmas of either wt, Apom -/-or Apom tg mice in comparison with 300 g/ml albumin. As reported previously, HDL of these three mouse strains differ by endogenous S1P content (see also baseline data in figure 1c) . Therefore we present S1P efflux before and after correction for the endogenous S1P content of HDL (figures 1c and 1d, respectively). During 8 hours of incubation S1P concentrations increased steadily in HDL of all three mouse strains. S1P efflux capacity of HDL from wt mice resembled that of human HDL.
Maximal net S1P efflux measured was significantly increased in the presence of HDL from Apom tg mice but not decreased in the presence of HDL from Apom -/-mice (figure 1d). Also of note S1P efflux in the presence of HDL from both wt and Apom -/-mice reached saturation after 2 to 4 hours whereas S1P efflux in the presence of HDL from Apom tg mice did not reach saturation within 8 hours, the maximal time the experiment could be performed without hemolysis.
To provide further evidence that HDL can elicit S1P efflux independently of apoM, we compared the capacity of native HDL, reconstituted HDL, lipid-free apoA-I and albumin to induce S1P efflux. Whereas lipid-free apoA-I was not capable to induce S1P efflux, reconstituted apoM-free HDL were even more active in stimulating S1P efflux than native HDL at a concentrations of 200 g/mL (figure 2).
Urinary excretion of S1P is increased in apoM knock-out mice as well as in mice with dysfunctional tubular protein reabsorption
As reported previously [12, 13] and as compared to their wt littermates, S1P levels in plasma and HDL are significantly decreased by 20% and 50%, respectively, in 12-14 weeks old Apom -/-mice and significantly increased by factors three and five, respectively in plasma and HDL of agematched Apom tg mice (figures 3a and 3b)
In 21 urine samples of wt mice we measured S1P at very low concentration below or close to the lower level of quantification of our method (10% functional assay sensitivity: 1 pmol S1P corresponding to 2 nmol S1P per liter urine). In fact, only five of 21 samples of wt mice but four of five samples Apom -/-mice had S1P levels above this threshold (P = 0.018, chi-square test). In the direct comparison, urine concentrations of S1P were significantly higher in 6 and 16 weeks old Apom -/-mice than in 6 and 16 weeks old wt controls (P < 0.05, figure 3c ).
Next we investigated whether also disturbances of tubular apoM reabsorption are associated with increased urinary S1P excretion. By Western blotting we found apoM present in the urine samples of mice with non-functional megalin (Lrp2 at SMAC Consortium -University of Zürich, on July 9, 2014 www.jlr.org
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In the urine samples of 21 wt mice from three different labs, S1P was below or close to the level of quantification (2 nmol/L). By contrast, 3 of 4 urine samples from 11 weeks old Lrp2 -/-mice and 6 of 7 samples from 12-16 weeks old Clcn5 -/-mice contained clearly quantifiable concentrations of S1P (figures 5a and 5b). Upon direct comparison of mutant mice and littermate controls S1P excretion was significantly increased in Clcn5 -/-mice (figure 5b), which are known to suffer from a severe dysfunction of the proximal tubule [27] . At ages of 18 weeks, 20-24 weeks or 30-38 weeks, neither male nor female Ctns -/-mice showed increased S1P excretion.
Western Blotting did not provide any evidence for grossly altered concentrations of apoM in
, or Ctns -/-mice (figure 4b). Neither did these three mouse models with tubular apoM proteinuria show any statistically significant or consistent differences in plasma concentrations of S1P (figures 5d, 5e, 5f).
DISCUSSION
Previous work by the laboratories of Dahlbäck and Nielssen [11, 12] identified ApoM as a physiologically relevant binding protein of S1P in HDL of plasma. Our lab previously confirmed the limiting effect of apoM on S1P levels in plasma but also found indications for more complex relationships between HDL, apoM, and S1P [13] . Most notably concentrations of apoM and S1P
in total or apoB-depleted plasma did not correlate with each other [13] , possibly due to the molar excess of apoM compared to its ligand S1P which varies inter-individually between factors 1.2 and 8 and/or the presence of alternative ligands, which compete with S1P for binding to apoM [10, 13] . However, we also observed statistically significant correlations of S1P concentrations with concentrations of HDL-cholesterol, apoA-I and other measures of HDL [13] . This raised the questions whether HDL can handle S1P also independently of apoM and whether apoM may influence S1P plasma levels independently of its transport function in plasma.
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To answer the first question, we investigated the capacity of HDL to induce S1P efflux from erythrocytes. HDL of both humans and wt mice were found to induce time-dependent and saturable S1P efflux leading to maximally doubling of the endogenous S1P concentration in normal human or murine HDL (400 pmol/l S1P per mg HDL protein). Assuming that 80% of HDL proteins correspond to apoA-I, i.e. the predominant protein of HDL which has a molecular mass of 28 kDa, the molar concentration of S1P per apoA-I amounts to 1/72. Assuming that the HDL particles contain in average 3 molecules of apoA-I [28, 29] , every 24 th HDL particle in our experiments contained one molecule of S1P at baseline. The doubling of S1P content by efflux indicates the saturation of S1P efflux much below the HDL particle concentration. This can be explained by the presence of a specific S1P binding site in HDL which is not saturated in HDL isolated from plasma, such as apoM [10] [11] [12] . At first sight in agreement with this explanation, we found the net S1P efflux capacity of HDL from Apom tg mice significantly increased without reaching saturation. By contrast, both HDL from wt and Apom -/-mice elicited time-dependent and saturable S1P efflux from erythrocytes, which did not differ from each other and that was markedly greater than in the presence of albumin. Moreover, reconstituted HDL consisting only of apoA-I and POPC induced S1P efflux from erythrocytes. The apparent 2 to 3 fold higher efficacy of rHDL as compared to native HDL is probably reflecting the higher particle concentration at identical protein mass concentrations, because rHDL contains 2 molecules of apoA-I whereas native HDL contains at least three molecules of apoA-I plus other proteins. Our finding of rHDL-induced S1P efflux does also explain the previous observation that initially S1P-free rHDL exert cytoprotective effects on cardiomyocytes in a S1P receptor dependent fashion. [30] Taken together our findings indicate the presence of an additional apoM-independent mechanism by which HDL can induce efflux and/or mediate the binding of S1P. Because of the saturation much below the concentration of HDL particles or phospholipids, it is unlikely that this apoMindependent fraction of HDL-induced S1P efflux is unspecific, for example as the result of at SMAC Consortium -University of Zürich, on July 9, 2014 www.jlr.org
13 association with phospholipids. The non-saturation of S1P efflux in the presence of HDL from Apom tg mice indicates that apoM rather than phosphatidylcholine acts as the slow determinant of S1P binding capacity. The saturable S1P efflux in the presence of HDL from Apom -/-mice points to the presence of an as yet unknown relatively fast inducer of S1P efflux. Since the reconstituted HDL only contain apoA-I in addition to phospholipids, apoA-I is the prime candidate for this activity. In this respect, it is noteworthy that ATP binding cassette transporters (ABC) A1 and G1 as well as scavenger receptor B1, which are important cellular interaction partners for apoA-I or HDL-induced efflux of cholesterol or phosphatidylcholine, have been suspected to promote or modulate cellular S1P efflux as well [4, 8] . In fact glyburide, a pharmacological inhibitor of ABC transporters including ABCA1, was previously found to inhibit S1P efflux from red blood cells. However, although present in erythrocytes, functional experiments excluded ABCA1 and ABCA7 as the mediators of S1P efflux from these cells [7] . In agreement with the lacking involvement of ABCA1, we did not find any S1P efflux induced by lipid-free apoA-I which as the primary interaction partner of ABCA1 stimulates efflux of cholesterol and phosphatidylcholine from many cells. The roles of ABCG1 and SR-BI, which are typically interacting with both native and artificially lipidated HDL [29] , for S1P efflux are as yet unknown To address the second question, whether apoM may regulate S1P plasma concentrations beyond transport in plasma, we compared the urinary excretion of S1P of wt and Apom -/-mice. Not unexpected, urine of wt mice did not contain much S1P. However, quantifiable amounts of S1P
were excreted with the urine by Apom -/-mice. This data indicated that apoM plays some role for preventing urinary S1P excretion but does not inform whether the excreted S1P is of plasmatic or renal origin. On the one hand and next to hepatocytes, the epithelial cells lining the proximal tubules of the kidney are the only cells which express apoM [31] . Hence, kidney-derived apoM may play an important role in handling S1P, for example for the interaction with S1P receptors.
In fact S1P and S1P receptors were reported to convey protection of the proximal tubule at SMAC Consortium -University of Zürich, on July 9, 2014 www.jlr.org Downloaded from epithelium against oxidative stress induced by ischemia/reperfusion injury [32] . On the other hand, the plasma-derived 22 kDa large murine apoM or 26 kDa large human apoM is ultrafiltrated through glomeruli and reabsorbed from the primary urine by the endocytic receptor megalin into the proximal tubule epithelial cells [16] so that the lack of apoM could interfere with the tubular recovery of S1P. To discriminate between these two explanations we investigated the urinary excretion of apoM and S1P by mice which lack megalin or the chlorideproton exchanger ClC-5 or the lysosomal cystine transporter cystinosin, which all play important roles for the tubular reabsorption of carrier proteins and their cargo from the primary urine [17, 19, 20] . We confirmed the previously observed urinary apoM excretion by megalin knock-out mice [16] . In addition, also mice without CLC-5 or cystinosin showed a urinary loss of apoM.
Like Apom -/-mice, Lrp2 -/-and Clcn5 -/-mice showed clearly increased urinary S1Pexcretion. This 
Clcn5
-/-mice the urinary loss of apoM and S1P appears too low to substantially decrease the plasma concentrations of apoM and S1P. Therefore it is also unlikely, that the urinary loss contributes to the lower plasma and HDL-S1P levels observed in Apom -/-mice [12, 13] .
However, cubilin deficiency was previously reported to increase the turnover and decrease plasma albumin and apoA-I concentrations, slightly but significantly [18] . . Quantitative studies in larger numbers of mice may hence unravel subtle differences.
In conclusion, our studies of mice differing by the expression of apoM or the activity of proteins involved in the tubular endocytosis of apoM indicate that binding of S1P by apoM plays at least two further roles in S1P metabolism beyond mediating S1P transport in HDL. First, HDL facilitates S1P efflux from erythrocytes by both apoM-dependent and apoM-independent mechanisms. Second, apoM facilitates the reabsorption of S1P from the primary urine into tubular epithelial cells, however with no impact on S1P plasma concentration. By the two newly identified activities, apoM may modulate the paracrine and autocrine interactions of S1P with vascular endothelial and renal tubular epithelial cells, respectively. In addition we provide evidence for an additional HDL-associated factor which contributes to S1P efflux and transport by HDL.
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